We show that metallic secondary phase formation inside ZnO(0001) single crystals implant-doped with Ni at an atomic concentration of 5 % can be suppressed. All the Ni ions are in 2 + valence state after mild post-annealing. The suppression is achieved by means of annealing of the crystals in high vacuum prior to implantation and is correlated with structural defects of the ZnO single crystals. The observed ferromagnetic properties of the pre-annealed crystals degrade at ambient temperature within several days.
I. Introduction
Ferromagnetic doped and undoped oxides have recently attracted huge attention.
Among them, diluted magnetic semiconductors (DMS) with a Curie temperature above room temperature exhibit a high application potential in spintronics 1 . Although a variety of candidates for such material exist, e.g. transition metal (TM) doped ZnO [2] [3] [4] , the research community is far from harmony with their results. The main problem appears to be that different sources of ferromagnetism in transition metal doped ZnO like nanoparticles of ferromagnetic secondary phases [5] [6] [7] or giant magnetic moments (GMM) [7] [8] [9] [10] [11] [12] [13] can mimic a ferromagnetic DMS. Nanophases are usually difficult to detect by means of common structural analysis methods 5 but might lead to magneto-transport properties similar to those expected for DMS 14 . The origin of GMM -on the other handis still controversial. De-quenching of orbital moments in isolated atoms [9] [10] or doped clusters 11 , coupled orbital states with large radii 13 as well as defect induced ferromagnetism 12 are discussed. Another source of ferromagnetic signals in magnetometry which has to be seriously discussed is unwanted contamination by using steel tools for handling the samples 15 . In ref. 15 the authors systematically investigated the effect of handling different substrates using steel tweezers including HfO 2 . They were able to induce ferromagnetism that easily can be interpreted to be defect induced.
As best to our knowledge, systematic investigations of artifacts from common magnetometers are not published so far.
II. Experiment
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The key point of our preparation is the annealing of commercial hydrothermal ZnO(0001)
single crystals prior to implantation in high vacuum (base pressure < 1x10 -6 mbar) at a temperature of 1323 K for 15 min. The ideas behind this treatment (table I) are
• Avoidance of secondary phase formation after transition metal implantation and postannealing 16 .
• Creation of defects that can lead to ferromagnetic order.
Double side polished ZnO(0001) is excellently suited, since the Zn-face is less stable under thermal treatment than the O-face. Therefore, the majority of defects is created in a controlled way at the Zn-terminated side. The surface roughness is increased due to the pre-annealing from 0.2 nm up to maximum 116 nm (defined as the root mean square average of the height deviations R q ) as was found by atomic force microscopy (not shown). High resolution analysis of the defects introduced into the material due to the preparation is provided later. Ion implantation itself offers a non-equilibrium doping technique suited to achieve the necessary high dopant concentration [18] [19] Table I . Sample nomenclature. All crystals were prepared from the same production charge.
Several analysis techniques have been applied in order to obtain a consistent picture of our systems. The electronic properties were investigated by X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) at the Ni L absorption edge. These experiments were performed at beamline 8.0.1 and 6.3.1 of the Advanced Light Source (ALS) in Berkeley, respectively. Structural properties were investigated by means of X-ray diffraction (XRD) using a Siemens D5005 diffractometer equipped with a Göbel mirror for higher brilliance, and by means of high resolution (HR) XRD using a GE HXRD 3003. Moreover, we performed SQUID magnetometry with magnetic field H applied parallel to the sample surface.
III. Avoidance of secondary phase formation
To study the formation of metallic secondary phases in the samples Ni:ZnO purch and Ni:ZnO vac ,XAS at the Ni L 2,3 absorption edge was employed , i.e. the Ni charge state was determined . Both total electron yield (TEY) and total fluorescence yield (TFY) were recorded during the measurement. While TFY is bulk sensitive, TEY probes the surface near region. The valence state of the Ni ions in the as-implanted crystals is mostly 2 + as determined by comparing TEY data (not shown) with those from Ni metal and NiO. This suggests that for low temperature ion implantation metallic secondary phase formation is impeded. However, after annealing there is a significant difference of the XA spectra between Ni:ZnO purch and Ni:ZnO vac as shown by the two upper spectra in Fig. 1 
(a).
Further analysis of the spectra is performed by qualitative comparison of the XAS of Ni:ZnO vac and Ni:ZnO purch with the ones of NiO and Ni metal, i.e. the two lower spectra in 2). Their mean diameter is determined to 7 nm by using the Scherrer formula 23 . Their uniform alignment with respect to the ZnO crystal lattice has been explained in detail previously 7 . It is worth to note that due to such fixed epitaxial relation it is possible to detect nanoparticles by using lab XRD setups in contrast to, e.g., randomly aligned Fe In summary we have demonstrated that Ni can be incorporated into pre-annealed ZnO single crystals by means of ion implantation and post-annealing without secondary phase formation.
IV. Correlation between structure and magnetic properties
For the characterization of the crystal defect structure high resolution (HR) reciprocal space mapping (RSM) using HR-XRD was performed. The evolution of the lattice disorder, for XX:ZnO vac , Ni:ZnO vac and Ni:ZnO purch , induced by the preparation steps as compared to a virgin crystal from the same charge is shown in Fig. 3a . The analysed microtexture, after thermal treatement and implantation. This can be understood in the following way: The crystal is broken into a large number of perfect grains slightly disoriented one from the other and separated by dislocation walls (grain boundaries).
The FWHM given in Figure 3a describes the angular distribution of these disoriented grains. Ni:ZnO purch shows roughly constant mosaicity along with the preparation. Even a small decrease of the mosaicity can be observed after post-annealing indicating lattice recovery. For Ni:ZnO purch , the tensile strain drastically increases with implantation and decreases slightly after post annealing. A clear increase of mosaicity and tensile strain is, however, observed for pre-annealed XX:ZnO vac or Ni:ZnO vac . Exemplarily, the lattice defect structure for a virgin sample before and after pre annealing (Fig. 3 b-c) as well as for Ni:ZnO purch and Ni:ZnO vac for different preparation steps (Fig. 3 d-g ) are shown. The increase of the tensile strain component for Ni:ZnO vac may be directly attributed to the strained regions, i.e. grain boundaries. at the Ni absorption edge (Fig. 4b ) revealed a pronounced dichroic behavior under magnetization reversal again only for Ni:ZnO purch . Note that -in agreement with the XAS data -the ferromagnetic properties for Ni:ZnO purch solely stem from metallic Ni, so that there is also no "hidden" contribution from DMS. Thus, figure 4b shows the XA-and XMCD-spectra for the circularly polarized incident radiation. Applying a longitudinal external magnetic field of H = ±0.2 T the intensity distribution of the spectra differs for both field directions. The sample magnetization has been flipped at any point recorded.
The difference in fluorescence yield is displayed by the asymmetry ratio I XMCD (E) = (I + -I -)/(I + +I -). We found an asymmetry of about 10% at the Ni L 3 edge. The overall shape and magnitude of XMCD is similar to that found for Ni metal 24 . upper represent the total X-ray absorption (XA), i.e. the sum of the XA spectra for both circular polarizations of the X-rays, and thus corresponds to the spectrum for Ni:ZnO purch in fig. 1a . The lower represents the x-ray magnetic dichroism (XMCD).
For the vacuum pre-annealed crystals after post-annealing, ferromagnetic ordering, i.e.
differences between ZFC and FC temperature dependence as well as hysteresis loops upon magnetization reversal have been found (Fig. 5a ). Magnetometry was performed (Fig. 5 a) , i.e. with respect to the amount of 2x10 16 cm -2 implanted Ni, the saturation magnetization for XX:ZnO vac only amounts to 0.03 μ B "per implanted Ni ion".
For Ni:ZnO vac , M S is considerably larger than for XX:ZnO vac . It amounts to 0.1 μ B per
implanted Ni ion. After 3 days the saturation magnetization is lowered to a value comparable to the one of XX:ZnO vac with a stability on a scale of two months at ambient temperatures. XMCD at the Ni L-edge for Ni:ZnO vac performed 4 weeks after postannealing did not yield clear magnetic ordering (Fig. 5b) . The latter can, however, be attributed to the low saturation magnetization after degradation. In order to check, if the trapping and immobilization of the Ni monomers takes place during the post-annealing procedure or occurs already at "room temperature" after implantation, we performed post annealing of a part of the as-implanted Ni:ZnO purch 4 months after implantation. As shown in Fig. 6 , magnetometry revealed much lower T max and saturation magnetization as for Ni:ZnO purch annealed immediately after implantation (Fig. 4a) . Thus we conclude that such long waiting time at "room temperature" allows the small amount of grain boundaries present in the as-implanted Ni:ZnO purch to trap Ni ions and to prevent nanoparticle formation due to post annealing. In conclusion we showed that Ni can be incorporated into single crystals at an atomic concentration of 5% by means of ion implantation and post-annealing. Secondary phase formation is prevented by vacuum pre-annealing. We observed weak ferromagnetic properties for the pre-annealed crystals that do not originate from ordinary superparamagnetic nanoparticles. These properties drastically degrade after 3 days. 
